Abstract To constrain the deformation, thermal evolution, and seismic properties of the mantle lithosphere beneath the Hangay Dome, we have analyzed the microstructures, crystal preferred orientations (CPO), and hydrogen concentrations of olivine and pyroxenes of 50 mantle xenoliths carried up by Cenozoic basalts from Zala, Haer, and Shavaryn-Tsaram from Tariat, Mongolia. Most xenoliths are medium-to coarse-grained spinel-lherzolites, but four contain garnet + spinel. Coarse granular, highly annealed microstructures predominate. The microstructures are associated with well-developed CPO, typical of deformation under high temperature, moderate pressure, and dry conditions. The hydrogen concentrations in olivine, orthopyroxene, and clinopyroxene are low and range around 5, 75, and 147 ppm H 2 O wt, respectively. Together, microstructures and CPO indicate that ductile deformation was followed by static recrystallization, which has annealed the microstructures but preserved the CPO and, hence, the anisotropy of physical properties. Lack of correlation between annealing and equilibrium temperatures suggest that the annealing is due to a long quiescence episode since the last deformation episode. Here, there is not evidence that the formation of Hangay Dome is associated with recent deformation in the lithospheric mantle. Calculated seismic properties show moderate seismic anisotropy, with fast propagation of P waves and polarization of S waves parallel to the flow direction and low birefringence for S waves propagating obliquely to the flow plane. The results are consistent with weak P wave anomalies but not with the strong low S wave velocity anomalies predicted by some tomographic models or with the high conductivity inferred from magnetotelluric data for the lithospheric mantle beneath the Hangay Dome.
Introduction
The Hangay region in central Mongolia is characterized by a massif oriented NW-SE, 800-by 500-km wide, with a plateau-like topography culminating at~4,000 m, commonly called the Hangay Dome. Its elevated topography, combined with late Cenozoic volcanism, and slightly elevated heat flow led Windley and Allen (1993) to interpret the Hangay Dome as the surface expression of a mantle plume. Subsequently, the Hangay Dome was the focus of several tectonic, petrochemical, and geophysical studies. However, these studies do not reach consensus on the present-day mantle dynamics beneath the Hangay Dome. The age and the mechanisms involved in formation of this relief are still debated. We summarize below the major and most recent results and interpretations.
The Hangay Dome is kinematically distinct from its surroundings, which are currently deforming as a farfield response to the India-Asia convergence (Cunningham, 1998) . Present-day tectonics in central Mongolia is dominated by strike-slip and transpressional deformation in the Altai belt and in large-scale faults north and east of the Hangay Dome, such as the Bolnai fault, and by rifting in the Baikal region (Cunningham, 2001) . However, no Cenozoic thrust faults or transpressional deformation, which could accommodate the uplift, are observed in the flanks of the dome. Cenozoic deformation in the Hangay Dome is limited to a few extensional faults with a dominant NE-SW trend in its southern border and crest, which show no evidence of connection to deep-seated detachments (Cunningham, 2001 ). These field observations are consistent with recent thermochronologic results (i.e., U-Th/He on bedrock apatite), which indicate that the Hangay Dome exhumation is Mesozoic (early Cretaceous,~122 ± 24 Ma; McDannell et al., 2018) .
The northern border of the Hangay Dome hosts a late Cenozoic volcanic field composed of low-volume eruptive centers, some of which carry mantle xenoliths to the surface. The composition of the lavas indicates that DEMOUCHY ET AL. 183 they result from low partial melting degrees (Barry & Kent, 1998) and neither their He isotopic compositions (Barry et al., 2007) nor the long duration of scattered low-volume eruptions (Ancuta et al., 2018) are suggestive of a mantle plume source. Petrochemical studies on the xenoliths (Ionov, 2007; Ionov et al., 1998a; Ionov & Hofmann, 2007) have reported homogenous fertile compositions in the mantle lithosphere and equilibrium temperatures and pressures consistent with an~80-km-thick lithosphere. The mantle xenolith's equilibrium temperatures are coherent with the slightly abnormal heat flow of 60-80 mW/m 2 measured in the Hangay Dome (Khutorskoy & Yarmoluk, 1989; Lysak & Dorofeeva, 2003) , which also suggest a geotherm slightly hotter than the normal geotherm for a stable continental plate domain (i.e., 110-km-thick lithosphere). Two possibilities were proposed to explain the estimated geotherm: heating of the base of the lithosphere by hotter than average asthenospheric mantle or lithospheric delamination. A combination of the two scenarios is also plausible. The specifics of the Tariat volcanic field and of its xenoliths are further described in section 2.
In 2001-2003, the Mongolian-Baikal experiment, which transected the Hangay Dome in a N-S direction, passing near the volcanic field, produced the first regional characterization of the lithospheric structure and mantle deformation pattern in this region (Barruol et al., 2008; Calais et al., 2003; Petit et al., 2002 Petit et al., , 2008 Tiberi et al., 2008; Vergnolle et al., 2007) . Joint inversion of gravity and teleseismic data has imaged a domain with low seismic velocities and densities between 60-and 125-km depth beneath the Hangay Dome, with a possible westward dipping continuation up to 225 km . SKS data revealed a homogeneous NW-SE trending structural fabric, which was interpreted as encompassing both the lithospheric mantle and the asthenosphere due to the predominance of delay times >1.5 s (Barruol et al., 2008) . The observed fast SKS polarization is parallel to the trend of the late Paleozoic belts, which formed the lithosphere in this region by accretion of microcontinents and island arcs around the Siberian craton (Zorin, 1999) , and to the trend of the major active faults south and north of the dome (Cunningham, 2001) . The SKS-deduced mantle flow direction is, however, at 20°-30°of the absolute plate motion in central Mongolia in the HS3-Nuvel-1A hotspot reference frame, suggesting local deflection of the asthenospheric flow by the Siberian craton root (Barruol et al., 2008) . This study concluded that the Siberian craton played a major role in establishing the seismic anisotropy pattern in Mongolia, via its influence on both the past and present mantle deformation in the region (Barruol et al., 2008) . However, variability in delay times over short range suggests heterogeneity of the shallow deformation, in particular beneath the Hangay Dome.
Recent adjoint (full-waveform) tomography models and receiver function analyses at the scale of East Asia (Chen et al., 2015) reported a 10-to 20-km upwelling and slightly high temperatures (+50 to +130°C) in the mantle transition zone, as well as two low-velocity zones in the upper mantle beneath the dome: (1) a shallow (>120 km) broad V-shaped zone with low Vs (<À3%) and high Vp/Vs ratios and (2) a weak Vs anomaly (1%-2%) with a conduit-like shape linking the first anomaly to the one in the transition zone. This study also reported positive radial anisotropy (≤5%) in the shallow low-velocity anomaly and negative radial anisotropy along its edges.
The recent Hangay Dome seismic deployment in 2013-2014 (http://www.ees.lehigh.edu/groups/mongolia) provided additional geophysical constraints on the structure of the lithosphere and convecting mantle beneath the dome. Receiver function analysis points to a 43-to 57-km-thick crust and to gradual thinning of the lithosphere from the Gobi Altai to the northern part of the dome (Cui et al., 2017) . The lithosphere thickness beneath the Hangay Dome ranges from 72 to 75 km, being shallowest in the north (Tariat region). In contrast to Chen et al. (2015) , receiver function analysis using this regional data set indicates a thickness for the mantle transition zone similar to the global average, arguing against the hypothesis of a deep mantle plume centered beneath the Hangay Dome (Cui et al., 2017) .
In addition to seismic investigations, magnetotelluric (MT) data were acquired along a 610-km long, NNE to SSW profile cross cutting the Hangay Dome, imaging a large low-resistivity zone (bulk resistivity 30-60 Ωm) beneath the dome at depths of 70-140 km (Comeau et al., 2018) . Based on calculations by Gardés et al. (2014) , for a temperature of 1200°C, unrealistic water contents over 350 ppm H 2 O by weight (ppm H 2 O wt.) in olivine would be necessary to explain such low electrical resistivity. Therefore, Comeau et al. (2018) interpret the MT data as indicative of partial melting (~6% melt) at 70-to 120-km depth, possibly resulting from an asthenospheric upwelling, which would control the volcanism and support the regional uplift.
In summary, despite the large number of studies, the relations between the Hangay intracontinental uplift and the underlying mantle dynamics remain, to date, poorly understood. Geophysical models based on the various data sets are not fully consistent, in particular in their predictions for the shallow (50-to 120-km depth) mantle composition and structure. In this study, we determine the mineral modes, analyze the microstructures, and measure the crystal preferred orientations (CPOs) of peridotitic minerals in xenoliths from the Tariat region to further constrain the deformation, thermal evolution, and seismic properties of the lithospheric mantle beneath Hangay. We also quantify the hydrogen concentrations in olivine and pyroxenes for the first time for this region. High water contents may for instance allow for partial melting at shallow depths as inferred from the MT data (Comeau et al., 2018) even in the absence of major thermal anomalies.
Materials and Methods

Sampling and Previous Studies on Tariat Xenoliths
All mantle samples were collected in the late Cenozoic (Quaternary) Tariat volcanic district (48°09 0 N, 99°54 0 E), which outcrops in a 20 × 30-km area on the NE slope of the Hangay Dome ( Figure 1 ). The
Tariat volcanic district is composed of several eruption centers (cinder and lava cones and volcanic breccia outcrops) and lava flows ( Figure 1b ) and is exceptional for the abundance of mantle and crustal xenoliths (Ionov, 2007; Ionov & Hofmann, 2007) .
In this study, we analyze peridotite xenoliths from three sites, which are, from north to south, the Zala volcano, the Haer volcano, and the Shavaryn-Tsaram volcanic breccia (location is abbreviated as Z, H, and Sh in sample names, respectively). The volcanic products erupted between 8 and <1 Ma (Ionov, 2007; Ionov et al., 1998b) . The host rock for the peridotite xenoliths is an alkali basalt composed of olivine phenocrysts in a groundmass of plagioclase, olivine, clinopyroxene (cpx), oxides, and silicate glasses (Barry et al., 2003) .
The petrogeochemistry of peridotite xenoliths from the Tariat region was previously studied by Press et al. (1986) , Ionov (1986 Ionov ( , 2007 , Ionov et al. (1998b) , and Ionov and Hofmann (2007) . We provide here a brief summary of the main results of these studies. The Tariat mantle peridotites were reported to have uniform modal and major element compositions, both laterally (over a range of 10 to 20 km) and vertically (depth range of 45 down to 60 km). They are dominantly fertile spinel lherzolites, composed of olivine, orthopyroxene (opx), clinopyroxene (cpx), Al-Cr-spinel (sp), and very rare (1%) phlogopite, amphibole, apatite, alkali feldspar, and interstitial silicate glass. Phlogopite, amphibole, and apatite are often referred to as hydrous phases, but we prefer to call them volatile bearing as often they have low water contents and significant amounts of other volatiles (F, Cl, and CO 2 in apatites) as shown for Tariat xenoliths (Ionov et al., , 1997 . The type of volatile-bearing minerals was reported to be specific to each volcanic center, i.e., phlogopite at Shute locality and amphibole at Tsagan. Mantle xenoliths at Shavaryn-Tsaram and Zala also include very rare garnet + spinel lherzolites as well as spinel lherzolites with veins of garnet pyroxenites (Ionov et al., 1994) .
Tariat peridotite xenoliths constitute one of the most fertile continental lithospheric mantle suites in the world (Ionov, 2002) . The chemical compositions of the most fertile Tariat lherzolites are very close to the primitive mantle estimates reported by Palme and O'Neill (2003) with a whole rock Mg/(Mg + Fe) × 100 = 89.7 overlapping the estimate for the primitive mantle. Modal composition and major element composition variations in the Tariat peridotite suite indicate low degrees of melt extraction from a primitive mantle at moderate depth (1-3 GPa, 33-100 km, Ionov & Hofmann, 2007) . In addition, some Tariat peridotites were enriched in Fe by percolation of evolved silicate melts but with no or very little metasomatic effects on other major and minor elements or modal compositions.
The thermal state of the lithosphere beneath the Tariat field may be constrained from thermobarometric studies on the xenoliths. Pressure (P) and temperature (T) equilibrium conditions of lower crustal xenoliths suggest crustal thicknesses of 45-50 km (Ionov et al., 1998b; Stosch et al., 1995) . Based on the P-T equilibrium conditions of the lower crustal and upper mantle garnet-bearing granulites, pyroxenites, and lherzolites, Ionov et al. (1998a) and Ionov (2002) defined the Cenozoic Tariat geotherm, which is consistent with a reduced heat flow of 38-40 mW/m 2 and a surface heat flow of 70-80 mW/m 2 as shown in Geochemistry, Geophysics, Geosystems Figure 1 . Schematic maps of (a) central and north East Asia showing the Siberian craton, North China Craton, and major sites of peridotite xenoliths in Cenozoic alkali basaltic volcanic fields and (b) of the Tariat volcanic field (shaded in gray) with the location of the volcanic cones and the sampling sites of the studied peridotite xenoliths (redrawn from Ionov, 2007; Ionov et al., 1998b) . Note that the English transcriptions of the geographic names are chosen to render, as closely as possible, those used by the local Mongolian population (Ionov et al., 1998b) .
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Geochemistry, Geophysics, Geosystems asthenosphere boundary (LAB) at~80-km depth, which is slightly deeper than the 72-km deep LAB below Tariat defined based on receiver function analysis (Cui et al., 2017) .
Equilibrium temperatures for the spinel-peridotites studied here were obtained using the Ca-inorthopyroxene thermometer (Brey & Köhler, 1990) . Assuming a P = 1.5 GPa, the temperature estimates range from 875 to 1101°C (Table 1) . There are no reliable geobarometers for spinel-peridotites. If projected onto the Tariat geotherm from Ionov et al. (1998b) as shown in Figure 2 , the equilibrium temperatures of the spinel peridotites correspond to pressures ranging from 1.28 to 2 GPa, thus to depths between 48 and 70 km. To characterize the microstructures and CPOs for the deeper sections of the lithosphere, we also analyzed garnet + spinel peridotites from Ionov et al. (1998b) , whose equilibrium P conditions were determined based on the geobarometer of Nickel and Green (1985) . According to Brey and Köhler (1990) , temperature estimates have uncertainties of ±50°C for garnet-bearing peridotites, but up to ±100°C for garnet-free spinel peridotites (because of unknown P). As a consequence, the pressure estimations for the spinel peridotites have uncertainties of 0.5-0.8 GPa, that is, higher than the 0.22 GPa reported from geobarometry of garnet-bearing xenoliths (Ionov et al., 1998b) . To further constrain the Tariat geotherm, the spinel to garnet transformation in fertile lherzolites (calculated for Mg# = 0.90 and X Cr in spinel = 0.075; following O 'Neill, 1981 , Ionov et al., 1998a ) is also reported in Figure 2 .
Microstructures and CPOs
We studied 46 xenoliths of spinel peridotites from a new extensive sampling of the Tariat district (Carlson & Ionov, 2013) and 4 garnet + spinel peridotites from a collection previously analyzed by Ionov et al. (1998b) . Among the studied peridotites, 10 are from Haer, 10 from Zala, and 30 from Shavaryn-Tsaram (Figure 1 and Figure 2 . Pressure versus temperature diagram displaying the estimated equilibrium pressure and temperature for Tariat peridotites reported in previous petrogeochemical studies (Ionov et al., 1998b; Ionov, 2007) and for the peridotites studied here. The granulite data are originally from Stosch et al. (1995) . The spinel to garnet + spinel transformation for fertile lherzolites was calculated for Mg# = 0.90 and X Cr in spinel = 0.075 (O'Neill, 1981 , Ionov et al., 1998a . The dry and wet solidi for peridotite are from Katz et al. (2003; see their Figure 3) . Note that 0.05 wt.% H 2 O = 500 ppm H 2 O wt. Normal continental geotherm is for a 110-km-thick lithosphere (see main text for details). Note. WR = whole rock; n.a. = not analysed; n.d. = not determine; the xenoliths samples were too small to perform whole rock analyses. a Chemical compositions from Ionov et al. (1998a) . b Brey and Köhler (1990). c Calculated following Tariat's geotherm (Ionov et al., 1998b) ; see main text and Figure 2 for spinel peridotites following the equation (pressure (GPa) = 0.00302^atemperature (°C) -1.3292); and for garnet peridotites following Nickel and Green (1985) .
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Geochemistry, Geophysics, Geosystems Table 1 ). All xenoliths are >3-4 cm in size and very fresh. The microstructures and rock textures were observed using classic optical microscopy and scanning electron microscopy.
CPOs were determined by indexation of electron-backscattered diffraction patterns (EBSD) on a JEOL JSM 5600 SEM at the EBSD facility of Geosciences Montpellier (University of Montpellier). Working distance was 25 mm, acceleration voltage was~17 kV, and the beam current was 10 nA. We analyzed crystal orientations of olivine, diopside, enstatite, and spinel, and when present, phlogopite, pargasite, and pyrope using the Aztec software from Oxford Instruments HKL.
For each sample, we obtained crystallographic orientation maps covering almost entirely the thin section (usually 20 × 35 mm) with a sampling step size of 40, 50, or 60 μm, depending on grain size. Indexation rates in the raw maps range from 80% to 90%. Postacquisition data treatment consisted of (i) removing wild spikes; (ii) filling the non-indexed pixels which have up to eight identical neighbors with the same orientation; (iii) repeating this operation using respectively seven, six, and five identical neighbors; (iv) identifying the grains, that is, continuous domains characterized by an internal misorientation <15°; and (v) within each olivine crystal, searching and correcting for rare systematic indexation errors due to the olivine hexagonal pseudosymmetry, which results in similar diffraction patterns for orientations differing by a rotation of 60°around [100] . At each step, the operator verified the resulting orientation maps to avoid overextrapolation of the data. EBSD maps for all samples are presented in the supporting information ( Figure S1 ).
CPO maps were treated with the MTEX toolbox in Matlab (Bachmann et al., 2010; Hielscher & Schaeben, 2008) . The density of the orientation distribution function was calculated using an axisymmetric de la Vallee Poussin kernel with half-width of 10°(bandwidth of 28 in spherical harmonic coefficients). The strength of the CPO is characterized by the texture J index computed as the integral of the square of the orientation distribution function (Bunge, 1982) . Here the J index is calculated using both one orientation data per pixel (J index Px) to not overestimate the potential contribution of small grains and the average orientation of the grains (one point per grain, J index oppg). For samples with variable grain sizes, the J index Px yields higher values than the J index oppg. We used the BA index, which was introduced by Mainprice et al. (2014) CPOs of olivine, orthopyroxene (opx), and clinopyroxene (cpx) are presented as pole figures. Densities of pole figures of the CPOs were normalized to a uniform distribution. Thin sections for EBSD analyses were not particularly cut parallel to a plane including the lineation and the normal to the foliation, since the latter were often not visible in the hand samples. To allow for easy comparison between the CPOs of different samples, the CPO orientation data for all minerals were rotated to have the maximum concentration of the olivine [100] axes in the east or west direction of the pole figure and the maximum concentration of [010] axes close to the north or south. The analysis of (i) the relative intensity of the orientation of [100], [010] , and [001] of olivine, (ii) the relations between olivine and pyroxene CPOs, and (iii) the relations between olivine CPO and shape-preferred orientation (SPO), when the latter could be observed in thin sections, indicates that for most samples the CPOs are calculated relative to deformation reference frame, thus relative to the orientation of the flow direction (lineation, oriented E-W in the pole figures) and to the orientation of the flow plane (foliation, normal is N-S in the pole figures).
We used the grain detection method in MTEX (Bachmann et al., 2010 ) with a misorientation threshold of 15°t o identify the grains based on EBSD data. Grains composed by less than 10 pixels were not considered in the microstructural analysis (grain sizes and shapes). The grain sizes are two-dimensional (2-D) values estimated as the diameter for a circle with equal area (i.e., arithmetic grain size is based on an equivalent diameter circle from the 2-D data and the area-weighted grain size is equal to [∑(equivalent diameter × grain area)]/total area). Aspect ratios are minimum values, since they are 2-D estimates measured in sections with variable orientations relatively to the deformation reference frame. We choose to use area-weighted values for characterizing the grain size and aspect ratio of olivine and pyroxenes in the different samples, since (1) they give closer values to the visual estimate when observing the thin section than the arithmetic averages and (2) to maintain consistency with seismic properties, which depend on 10.1029/2018GC007931 Geochemistry, Geophysics, Geosystems volume fractions and not on the number of grains along the wave path. We characterize the sinuosity of the grain boundaries by the shape factor. It is defined as the perimeter of the grain divided by the perimeter of a circle with an identical area. The misorientation angle of each pixel relative to the mean orientation of the grain (M2M) and the grain orientation spread, which is the standard deviation of the misorientation within a grain, were calculated to quantify the intracrystalline orientation gradients, which are a proxy of the dislocation density. Both the intragranular misorientation and the sinuosity of grain boundaries should decrease in response to recrystallization.
Seismic Properties
Seismic properties were calculated using the CPOs of olivine, opx, and cpx, and, when present, garnet and their respective modal content estimated from EBSD maps (Mainprice, 1990) . The elastic constant tensors for all spinel peridotites were calculated at a pressure 1.5 GPa (~48 km of depth) and a temperature of 925°C, corresponding to the average conditions representative of the shallow mantle lithosphere beneath Tariat (Figure 2 ). The seismic properties of the garnet + spinel peridotites were calculated at a pressure of 2 GPa and a temperature of 1070°C, which are representative of the deep mantle lithosphere beneath Tariat. The elastic constants of olivine, orthopyroxene, clinopyroxene, and garnet single crystals and their pressure and temperature derivatives are from Abramson et al. (1997) , Chai et al. (1997a Chai et al. ( , 1997b , and Sang and Bass (2014) . A Voigt-Reuss-Hill averaging was applied in all calculations.
Average seismic properties for the lithospheric mantle beneath the northern Hangay Dome were calculated by averaging the elastic constant tensors of all spinel peridotite samples and of all garnet + spinel samples using the CPO data rotated into a common structural reference frame, thus considering a geographically coherent orientation of the foliation and lineation for all samples. These average properties therefore represent maximum estimates of the seismic anisotropy, which may be produced in the spinel and garnet stability fields of the lithospheric mantle beneath the Tariat field, if the studied xenoliths provide a representative sampling of the lithospheric mantle.
Fourier Transform Spectroscopy
The quantification of hydrogen concentration in selected crystals of olivine, opx, and cpx was performed by unpolarized Fourier transmission infrared (FTIR) spectroscopy in transmission mode. Prior to FTIR measurements, millimeter-sized grains of olivine, opx, and cpx were double-polished by hand using a polishing jig and diamond-lapping films with a micrometer grid size ranging from 30 to 0.5 μm. During polishing, the samples were held in place by thermoplastic adhesive (crystal bond). Afterward, several successive baths of pure acetone prior to FTIR analyses dissolved the adhesive and cleaned the samples. Final thickness ranged from~500 μm up to 2.5 mm and are reported in Table S1 .
The infrared (IR) spectra were acquired using a Bruker IFS 66v spectrometer, equipped with an MCT detector (Mercury Cadmium Telluride) cooled with liquid nitrogen, using a Globar light source and a KBr/Ge beam splitter, coupled to a microscope (HYPERION 3000 Bruker microscope; see Denis et al., 2018, for details) . Analyses were performed at ambient temperature and pressure, under a flux of H 2 O-CO 2 -free purified air through the entire microscope. FTIR analyses were acquired in the mid-IR frequency range (between 5,000 and 700 cm À1 ) by accumulating 256 scans at a resolution of 4 cm À1 and with a squared aperture, with 200 or 100 μm of wideness. Analyses were performed for 3 to 15 different random orientations of each grain (by manually rotating the grain), and the spectra were averaged for each grain to compensate for any significant anisotropy of the IR bands. Hydrogen concentrations per grain, mineral, and per xenolith are reported in Table S1 .
To ease comparison of our results with previous studies, we used two calibrations: (1) we used a frequencydependent calibration (Paterson, 1982) , which quantifies the concentration of hydroxyl C OH as a function of ξ (the orientation factor, which equals one third for unpolarized measurements), k(ѵ), which is the absorption coefficient for a given wavenumber ѵ, and Xi the density factor. The latter parameter is chemistry dependent; it equals 2,698 ppm wt H 2 O for olivine, 2,812 ppm wt H 2 O for opx, and 2,752 ppm wt H 2 O for cpx (Demouchy & Bolfan-Casanova, 2016) ; (2) we also used mineral-specific calibrations: Withers et al. (2012) for olivine and Bell et al. (1995) for pyroxenes.
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After background correction, each FTIR spectrum was baseline corrected and normalized to 1 cm of thickness. The concentrations of hydrogen were calculated by integration of the IR spectrum between 3,650 and 3,100 cm À1 for olivine, 3,670-2,800 cm À1 for opx, and 3,770-3,000 cm
À1
for cpx. The estimated error on the resulting water content is ±15%; this error is due essentially to a combination of uncertainty in the empirical calibration laws and errors in sample thickness, the background spectrum, and the baseline subtraction. Note that the calibration from Paterson (1982) for unpolarized IR light on nonoriented crystals used here is likely to underestimate the absolute hydrogen concentration in olivine, whereas the calibration from Bell et al. (2003) using polarized IR light on oriented crystals overestimates it (Withers et al., 2012) . Following Férot and Bolfan-Casanova (2012) , a factor of 3 can be used to convert the hydrogen concentrations in olivine obtained with the Paterson (1982) calibration to values equivalent to those obtained with the method of Bell et al. (2003) , and a factor between 1.8 and 2 can be used to convert them to values equivalent to those obtained with the calibration by Withers et al. (2012) . The homogeneity of hydrogen concentration within crystals has been tested by unpolarized FTIR analyses at rims and centers of grains or by performing transects across grains when possible.
Results
Modal Compositions
Previous studies have already reported that the modal compositions of mantle xenoliths from the different Tariat eruption centers (i.e., Zala, Shute, Haer, Tsagan, and Bosko) are similar (Ionov, 2007) . Indeed, based on our EBSD maps, the xenolith population in this study is essentially composed of lherzolites ( Figure 3) , with only three harzburgites (H11-25, Sh11-22 and Sh11-29) and one pyroxenite (garnet + spinel olivine orthopyroxenite 4334-12(8)). The modal composition of 4334-12 differs from the one previously reported for this sample (garnet + spinel lherzolite, Ionov, 2007) since the sample is veined and the studied thin section partially encompasses the vein. The modal compositions obtained in this study are reported in Table 1 . The EBSD maps have permitted to identify that among the 50 studied xenoliths, 42 contain small volume fractions (<1%) of volatile-bearing minerals, most commonly pargasitic amphibole (amph) and phlogopite (phl); sample 4230-19 contains~1.5% of euhedral phlogopite, as reported in Table 1 . Phlogopite and apatite were previously reported as components of metasomatic veins in Shavaryn-Tsaram xenoliths (Ionov et al., 1997) . Some xenoliths contain rare interstitial silicate glass and silicate glass pockets as also previously reported from Shavaryn-Tsaram and Zala peridotites (Ionov et al., 1994) .
Microstructures
All peridotite xenoliths are medium to coarse grained. They are characterized by polygonal olivine crystals, which are notably clear of internal deformation features except for widely spaced subgrains and rare undulose extinction (Figure 4) . A single garnet + spinel peridotite (4334-18) has a different microstructure, characterized by olivine crystals with undulose extinction, closely spaced subgrains, and grain boundaries with short-wavelength serrations. The area-weighted average olivine grain sizes are 2.03, 2.55, and 2.03 mm for xenoliths from Zala, Haer, and Shavaryn-Tsaram, respectively ( Figure 5a and Table 2 ). Very large, centimeter-size olivine crystals are observed in olivine-rich layers in several spinel peridotites (e.g., H11-25). Some garnet + spinel peridotites and spinel peridotites display tabular microstructures, marked by a SPO of olivine crystals flattened normal to the [010] axis (e.g., H11-2, H11-20, and 4334-11, Figure 4 ), but in most spinel peridotites olivine tends to be equiaxed or have low aspect ratios of 1.4 to 2.0 with no clear SPO (Figure 5a ).
Orthopyroxenes are also coarse and have irregular shapes. The average area-weighted opx grain sizes are 2.32, 1.97, to 1.95 mm for Zala, Haer, and Shavaryn-Tsaram, respectively ( Figure 5a and Table 2 ). Clinopyroxenes are usually finer grained than opx. The average area-weighted cpx grain sizes are 1.17, 1.09, to 1.03 mm for Zala, Haer, and Shavaryn-Tsaram, respectively. Note that the area-weighted 
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Geochemistry, Geophysics, Geosystems average grain size is 2.1, 2.3, and 1.6 times higher than the arithmetic average grain size for olivine, opx and cpx, respectively. Clinopyroxenes also have irregular shapes. In general, pyroxene-olivine interface boundaries are more curved than pyroxene-pyroxene boundaries. The average area-weighted aspect ratios for both orthopyroxene and clinopyroxene in spinel peridotites yield very homogenous values between 1.60 and 1.71 ( Figure 5a and Table 2 ).
Spinel has dominantly holly-leaf shapes. It occurs mainly in aggregates with orthopyroxene and clinopyroxene (Figure 4) . In several samples spinel grains are aligned, marking the lineation (e.g., H11-22, Sh11-14, Sh11-52, and Z11-20; see Figure 4 ). Garnet only occurs in pyroxene-rich domains. It usually surrounds spinel crystals up to 0.5 mm wide. In sample 4334-18, garnet has no spinel cores but has small polygonal spinel crystals along the contacts with pyroxenes. Kelyphite rims, when present, are thin.
The EBSD maps permit the quantification of several microstructural features, reported in Table 2 and shown in Figure 5 . We use the shape factor to discriminate samples with a well-equilibrated texture (i.e., straight grain boundaries) from samples with serrated or bulging grain boundaries. For olivine, the area-weighted average shape factors range from 1.59, 1.64, and 1.62 for Zala, Haer, and ShavarynTsaram peridotites, respectively. Orthopyroxene shows slightly higher area-weighted average shape factors (1.70, 1.61, and 1.68 for Zala, Haer, and Shavaryn-Tsaram, respectively). Low area-weighted average shape factors~1.5 characterize the small clinopyroxene crystals from all three localities (Table 2 ; n.b., 
Geochemistry, Geophysics, Geosystems the area-weighted average shape factor is only 1.1 higher than the arithmetic mean shape factor, and the standard deviation is~0.24 for all three minerals). The area-weighted shape factors for olivine in the Tariat peridotites are only slightly higher than those reported for a hot-pressed well-equilibrated polygonalnanoforsterite aggregate (e.g., Koizumi et al., 2010) , which has a shape factor of~1.39 (J. Gasc, personal communication, October 4, 2018) . For reference, a perfect spherical grain has a shape factor of 1 and a perfect honeycomb hexagonal close-packed texture has a shape factor of 1.13.
The intragranular misorientation within the olivine grains was quantified using the crystallographic misorientation (angle) of each measurement point relative to the mean orientation of the grain (abbreviated as M2M). The olivine M2M values in Table 2 are average values over the whole EBSD map; all samples show low M2M values (<2.2°), consistent with the low density of intragranular deformation features observed optically, like subgrains or undulose extinction. The standard deviation of Mis2Mean, representing the dispersion in misorientation within all grains in a sample, is very high (it may reach up to 3°, being often higher than the mean value of M2M in the sample), indicating heterogeneous dislocation density distributions. Joint analysis of all quantitative microstructural parameters ( Figure 5 ) highlights that except for the more elongated grain shapes in the garnet + spinel peridotites, there is no systematic variation in microstructure between peridotites from the three sampling sites. Note that shape factor is the ratio of the perimeter of a grain over the perimeter of a circle with identical area; M2M is the average of the misorientation angle of each point within a grain relative to the mean orientation of the grain.
Geochemistry, Geophysics, Geosystems Note. The M index is defined as the difference between the observed distribution of uncorrelated misorientation angles and the distribution of uncorrelated misorientation angles for a random texture. a Minimum values, since not all thin sections were cut on the XZ plane (normal to the foliation and parallel to the lineation).
CPOs
All studied samples display well-developed olivine CPO, characterized by strong concentrations of both [100] and [010] axes of olivine as illustrated in Figure 6 . We used the J and the BA indexes to characterize the strength and symmetry of the olivine CPO (Figure 7a ). J index ranges from 2.5 to 9.4 (samples H11-3 and H11-25, respectively), indicating weak to rather strong olivine CPO. The BA index ranges from 0.1 to 0.7 (samples Z11-2 and Sh11-29, respectively), with equal proportions of fiber-[010] (BA indexes <0.35) and orthorhombic (BA indexes of 0.35-0.65) patterns. We have chosen to show in Figure 6 four CPO endmembers and a sample representative of the average olivine CPO (Sh11-20, J index = 4.88, BA index = 0.42; n.b., the arithmetic average over the studied data set is J index = 4.71, BA index = 0.40). Figure 6 ).
Pyroxene CPOs are usually more dispersed than the olivine CPO. Samples with the strongest pyroxene CPOs tend to display well-correlated olivine and pyroxene CPOs (cf. H11-25 and Sh11-29 in Figure 6 
10.1029/2018GC007931
Geochemistry, Geophysics, Geosystems correlation suggests that all three phases were codeformed in the dislocation creep regime. A few samples show nevertheless pyroxene CPOs characterized by a concentration of [001] of one or both pyroxenes at high angle to the olivine [100] maximum (cf. H11-3 in Figure 6 ). 
Seismic Properties
The seismic properties of samples H11-25 (strong orthorhombic olivine CPO), Sh11-29 (moderate strength fiber-[100] olivine CPO), Z11-2 (moderate strength fiber-[010] olivine CPO), and H11-3 (weak orthorhombic olivine CPO, see Figures 6 and 7) as well as the average seismic properties for all spinel peridotites and for the four garnet + spinel peridotites are shown in Figure 8 and reported in Table 3 . The elastic constant tensors and densities used for calculating the seismic properties displayed in Figure 8 are provided in Table S2 . Seismic anisotropy of the average garnet + spinel peridotites is lower than the average spinel peridotites since the former have weak to moderate olivine CPO ( Figure 7b ) and high pyroxene contents (Table 1) . However, this might be a bias due to the low number (4) of garnet + spinel peridotites analyzed in this study.
Both the individual and the average samples show typical upper mantle seismic anisotropy patterns, with fast polarization of S waves and fast propagation of P waves parallel to the maximum concentration of olivine [100] axes, which, as discussed above, most probably marks the flow direction. The maximum P wave propagation anisotropy for the average spinelperidotite and garnet + spinel peridotite is 6.4% and 3.6%, respectively. The maximum S wave polarization anisotropy for the average spinelperidotite and average garnet + spinel peridotite is observed for waves propagating in the flow plane but at high angle to the flow direction, with values of 4.5% and 2.9%, respectively. Spinel peridotite H11-25, which has the strongest olivine CPO from the entire studied data set, displays maximum P wave propagation and S wave polarization anisotropies of 11.1% and 9.2% (Figure 7b and 8) , respectively. Variations in olivine CPO symmetry (from fiber-010 to fiber-010 patterns) result in a change of the apparent null birefringence direction fiber S waves, which is at high angle to the foliation for samples with axial-[010] olivine CPO (Z11-2 in Figure 8 ) and at low angle to the lineation for samples with axial-[100] olivine CPO (Sh11-29 in Figure 8 ). Due to the high proportion of samples with fiber- [010] olivine CPO in the data set, both average samples show low birefringence for S waves propagating at high angle to the foliation. Maximum Vs1 and Vs2 propagation anisotropies are 3.2% and 2.9% for the average spinel peridotite and 2% and 1.7% for the average garnet + spinel peridotite. If the flow direction is horizontal, Vs1 is polarized horizontally and Vs2 vertically, implying that Rayleigh waves are slower than Love waves. Moreover, Rayleigh wave velocities will display a 180°periodicity and the maximum possible anisotropies, whereas Love waves 
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Geochemistry, Geophysics, Geosystems will show a 90°periodicity and rather low anisotropy (average samples in Figure 8) . Opposite patterns will be observed if the flow direction is vertical or steeply dipping.
Comparison between the mean P wave velocities for the average spinel peridotites and garnet + spinel peridotites (Table 3) highlights that they are almost constant within the mantle lithosphere: 7.87 km/s at~45 km (925°C and 1.5 GPa) to 7.84 km/s at~60 km (1070°C and 2 GPa), indicating that the change in modal composition (and thus density) and increase in pressure compensate for the influence of temperature increase on P wave velocity. Mean S wave velocities for the two depths are also similar (4.52 and 4.51 km/s; Figure 8 and Table 3 ), indicating that in the absence of attenuation, the effect of the temperature increase compensates those of the pressure increase and mineralogical change. Vp/Vs ratios for the average spinel-and garnet + spinel peridotites may show up to 3.9% and 2.3% of anisotropy (Figure 8) . The highest Vp/Vs ratios Figure 8 . Average seismic anisotropy patterns calculated for selected peridotites (those with crystal preferred orientations presented in Figure 6 ) as well as for the average spinel peridotite and average garnet + spinel peridotite. Temperature and pressure used in the calculation are given in Table 3 . From left to right: P wave velocity (Vp), S wave polarization anisotropy (AVs) and the orientation of fast S wave polarization plane, S 1 wave velocities (VS 1 ), S 2 wave velocities (VS 2 ), and the Vp/VS 1 ratio. Lower hemisphere stereographic projections; the reference frame is the same as in Figure 6. (≥1.75) are observed for waves propagating parallel to the flow direction and the lowest ratios (1.7), for waves propagating normal to the flow plane (Figure 8 ).
Hydrogen Concentrations
Over 142 grains from 11 spinel lherzolites (2 from Haer and 9 from Shavaryn-Tsaram) were analyzed by FTIR, providing estimates of hydrogen concentration in olivine (71 grains), orthopyroxene (56 grains), and clinopyroxene (12 grains). The grains were selected from separate fractions (> 0.5 mm) and handpicked to avoid weathered grains and select the larger ones, which allow for homogeneity to be checked. Therefore, all samples could not be analyzed.
The unpolarized absorption spectra of olivine from the Tariat xenoliths are shown in Figure 9a . There are two groups of absorption bands in olivine: group 1 from 3,598 to 3,420 cm À1 and group 2 from 3,420 to 3,280 cm À1 . The OH band at 3,572 cm À1 of group 1 has, in the vast majority of olivine grains, the highest absorbance. Bands from group 1 are always expressed, while bands from group 2 vary in their respective absorption intensities. This variation might result from a weak crystallographic orientation effect, which could not be completely overcame by averaging spectra obtained in different orientations of the same grain. However, the variation is more likely due to the low total absorption in this frequency range for several samples (i.e., Sh11-12, H11-17, Sh11-56, and Sh11-40 in Figure 9a ). Measurements at rim and core positions or transects across clear olivine grains do not reveal heterogeneous hydrogen concentration (neither rim depletion nor rim enrichment). The IR spectra are typical of mantle-derived olivine (Demouchy et al., 2006 Denis et al., 2013 Denis et al., , 2015 Denis et al., , 2018 Miller et al., 1987; Peslier & Luhr, 2006) . Water contents in olivine are homogeneous at the xenolith-scale but differ from xenolith to xenolith with values ranging from 1.2 to 9 ppm wt. H 2 O (Table 4 , calibration from Withers et al., 2012) . These low water contents are typical of olivine from spinel peridotite xenoliths in alkali basalt (e.g., Demouchy & Bolfan-Casanova, 2016; Denis et al., 2013; Ingrin & Skogby, 2000; Peslier, 2010; Peslier et al., 2002; Peslier & Luhr, 2006; Soustelle et al., 2013; Wang, 2010) .
The absorption spectra of both opx and cpx show at least three major absorption bands at 3,590, 3,521, 3,420, and 3,305 cm À1 and 3,627, 3,536 and 3,446 cm À1 , respectively (Figures 9b and 9c) . Such absorption bands are typical of opx and cpx from peridotite xenoliths in alkali basalt (Bell & Rossman, 1992; Ingrin & Skogby, 2000; Peslier et al., 2002; Skogby, 2006; Xia et al., 2010; Yu et al., 2011) . Hydrogen concentrations in opx and cpx display similar differences from xenolith to xenolith as in olivine, with average values of 75 (range 30-131) and 148 (range 87-277) ppm wt. H 2 O for opx and cpx, respectively (Table 4) . A ratio of 2 between opx and cpx water contents is observed, which is consistent with previous observations in xenoliths from many localities (Figure 10a , database from Demouchy & Bolfan-Casanova, 2016) . The water content in pyroxenes in this study (<300 ppm wt. H 2 O in cpx) is low for mantle-derived pyroxenes (Figure 10a ) but not that unusual for spinel peridotite xenoliths (e.g., Demouchy & Bolfan-Casanova, 2016; Satsukawa et al., 2017) . The analysis of the distribution of hydrogen in opx as a function of hydrogen in olivine ( Figure 10b ) together with data from the review of Demouchy and Bolfan-Casanova (2016) leads to the same conclusion: opx in Tariat spinel-peridotites has low hydrogen concentrations. The hydrogen concentrations in Tariat pyroxenes are lower than values reported from other continental uplifts such as Colorado plateau (e.g., Peslier et al., 2002) . Note. CPO = crystal preferred orientation.
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Analysis of the hydrogen concentration in olivine as a function of Fo% (Figure 11a ), which is a common petrological index, shows that the most Fe-rich compositions are the most depleted in hydrogen. Alumina content in opx is expected to influence the incorporation of hydrogen in opx and in coexisting olivine (e.g., Bali et al., 2008; Férot & Bolfan-Casanova, 2012; Gaetani et al., 2014; Mierdel et al., 2007) . Here, hydrogen concentration in opx in the Tariat spinel-peridotites shows a rough positive correlation with alumina content (Figure 11b ), which is in contradiction with the worldwide database (Demouchy & Bolfan-Casanova, 2016 ) but in agreement with experimental studies at high pressure and high temperatures (e.g., Férot & Bolfan-Casanova, 2012; Gaetani et al., 2014; Mierdel et al., 2007) .
Discussion
Thermomechanical History
The microstructures of the Tariat mantle samples are uniform and well equilibrated. The polygonal grain shapes and the low density of intragranular deformation features, such as undulose extinction and subgrains, despite the clear CPOs, imply an important annealing (static recrystallization), which has erased the microstructures formed during the viscoplastic deformation responsible for the development of the CPO. High-stress microstructures recording a recent viscous deformation related to the surface uplift are not present among the studied xenoliths. Undulose extinction and closely spaced subgrains in olivine are observed in a single garnet + spinel peridotite (sample 4334-18). However, this sample has a coarse-granular microstructure, with no clear grain elongation, and shows no evidence for recrystallization, only serrated grain boundaries, implying that although it might have been subjected to high stress for a short time before extraction from the mantle, this sample did not undergo strong deformation. Absence of evidence for recent deformation in the lithospheric mantle beneath Tariat is consistent with geomorphological observations and thermochronologic results (i.e., U-Th/He on bedrock apatite), which indicate that the Hangay Dome exhumation is Mesozoic (early Cretaceous, 122 ± 24 Ma, McDannell et al., 2018) .
The annealing at the origin of the well-equilibrated microstructures may result from (1) short exposure to elevated temperatures or (2) long annealing duration at moderate temperatures. The present-day geotherm beneath Tariat ( Figure 2 ) is only slightly hotter than the one expected for a normal, 110-km-thick lithosphere. In addition, annealing has affected the entire studied xenolith suite and there is no correlation between annealing intensity and equilibrium temperature. Therefore, we propose that annealing in the Tariat lithospheric mantle does not result from a recent heating episode. The presence of interstitial melts, which could act as fast diffusion paths, may enhance annealing rates. Tariat mantle xenoliths have very fertile compositions, which in most cases are due to the absence or very low degrees of melt extraction from pristine mantle during the formation of the lithosphere (e.g., Ionov & Hofmann, 2007) , and for rare pyroxene-enriched samples could have resulted from meltrock interactions leading to crystallization of pyroxenes. Yet, in most samples, pyroxene CPOs are coherent with the olivine CPO (Figures 8 and Figure S1 ), indicating that if any such refertilization occurred, most of it preceded the deformation. 
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One may wonder if annealing at a temperature of 925°C would be fast enough to explain the currently observed grain size (2-5 mm) in the Tariat mantle rocks if these rocks had experienced strong deformation during the Mesozoic, leading to grain refinement up to~100 μm for olivine (i.e., to a recrystallized olivine grain size typical of mantle mylonites, e.g., Vauchez et al., 2012; Frets et al., 2014) . Knowing that grain growth in silicate aggregates for this grain size range is dominantly controlled by lattice diffusion of Si (e.g., Dohmen et al., 2002; Dohmen & Milke, 2010; Hiraga et al., 2010) , we may estimate the grain size evolution as a function of time. There is currently no experimental data available for the olivine grain growth rate in the temperature and composition range of the Tariat peridotites, but using a Si diffusion coefficient of 5.3 × 10 À28 m 2 /s at 925°C from Dohmen et al. (2002) , we obtain a characteristic (diffusion) distance of 2.9 μm for 120 Ma, thus well below the current grain size. Therefore, temperatures in the lithospheric mantle must have been higher to produce the observed annealed microstructures if strong deformation occurred in the lithospheric mantle in the Mesozoic. This implies that the geotherm might have been hotter and the lithosphere thinner in the past (e.g., during the Mesozoic) and that the deeper samples may correspond to a previous asthenospheric mantle, which was accreted to the lithosphere by cooling. This interpretation is consistent with the radiogenic isotopic composition of Tariat mantle samples, which are similar to modern mid-ocean ridge basalt (Carlson & Ionov, 2013) and thus suggest the accretion of a portion of fertile midocean ridge basalt mantle beneath Tariat region. However, the fertile compositions of the majority of Tariat xenoliths argues against a very thin lithosphere or an abnormally hot mantle in the past, since the 1200 and 1350°C mantle adiabats cross the dry peridotite solidus at~40 and 90 km of depth, respectively (Figure 2 ).
The strong annealing hinders a thorough analysis of the deformation that predated it. Yet the preservation of (100) (Tommasi et al., 2000) . The high proportion of fiber-[010] olivine CPO patterns within the Tariat peridotites might be a consequence of static recrystallization. Similar association of coarse-tabular microstructures and fiber-[010] olivine CPO patterns indeed has been reported in mantle xenoliths from the Tok volcanic field at the SE border of the Siberian craton (shown in Figure 7 for comparison). The Tok xenoliths also have evidence for well-developed annealing (Tommasi et al., 2008) . Paterson (1982) ; see Table S1 online. SD = standard deviation. a Hydrogen concentrations based on the calibration of Withers et al. (2012) . b Hydrogen concentrations based on the calibration of Bell et al. (1995) .
Transpression or deformation in the presence of partial melting may also produce fiber-[010] olivine CPO (Higgie & Tommasi, 2012 Qi et al., 2018; Tommasi et al., 1999 Figure 8 ), as they should if the CPO of both minerals were formed in response to transpression (Tommasi et al., 1999) . Moreover, as discussed above, the well-correlated olivine and pyroxene CPOs of most Tariat peridotites suggest that if any reactive melt percolation occurred, it predated the deformation.
Partial Melting in the Lithospheric Mantle and Asthenosphere
The occurrence of Cenozoic volcanism points to partial melting in the asthenosphere. In the case of the Hangay area, the Cenozoic basaltic volcanism is composed of small volume eruptions of low-degree partial melts scattered in space and time (Ancuta et al., 2018) without any chemical features typically associated with intracontinental mantle plumes (e.g., Barry et al., 2007) . There are only three possible causes for mantle melting: (1) increase of the temperature above the peridotite solidus, (2) decompression induced by asthenospheric upwelling, or (3) addition of volatile elements such as water (as hydrogen in the NAMs) or CO 2 (carbonate flux or carbon). The geotherm defined by the Tariat xenolith thermobarometry implies an 80-to 90-km-thick lithosphere and does not cross the dry solidus of a fertile peridotite (Figure 2 ). The solidus of a dry peridotite would be attained if the lithosphere below Tariat was as thin as inferred from receiver function analysis (72-75 km, Cui et al., 2017) for asthenospheric temperatures following a hot adiabat (1300°C at the surface). However, such a shallow LAB is not consistent with the temperature and pressure conditions inferred from thermobarometry for the garnet + spinel lherzolites (in the spinel stability field), which equilibrated at depths of 60-70 km and temperatures ≤1100°C (Figure 2 , Table 1 ).
Volatiles may significantly reduce melting temperatures. At 2.5 GPa, the melting temperature of water-saturated lherzolite containing 200 ppm H 2 O wt is 1100°C (Green et al., 2014; Kovàcs et al., 2012) . However, the studied peridotites contain very small amounts of hydrous minerals and the coexisting nominally anhydrous minerals do not hold a hydrogen concentration high enough to lower the solidus in a significant manner. The water content calculated for the Tariat peridotites using the measured mineral modes and the FTIR calibrations from both Bell et al. (1995) and Withers et al. (2012) is 38 ppm H 2 O wt. based on nominally anhydrous minerals only, and 48 ppm H 2 O wt. if 0.5% of amphibole containing 2 wt.% H 2 O is included. If the presently studied xenoliths are representative, these data completely preclude partial melting in the lithospheric mantle (Figure 2) . The results also imply that to induce melting, the asthenosphere beneath Tariat must have significantly higher volatile contents than the studied xenoliths.
The deep lithosphere and the asthenosphere beneath the Hangay Dome are characterized by high electrical conductivity, which was interpreted by Comeau et al. (2018) as most likely due to the presence of~6% melt (see Yoshino et al., 2006, for experimental calibration) . Nevertheless, to produce such high partial melting degrees at >70-km depth, abnormal mantle temperatures and/or compositions, not consistent with the present data, are required. Moreover, 6% melt would produce very strong low S velocity anomalies, which are not observed in most seismic tomography models (e.g., Lebedev et al., 2006; Tiberi et al., 2008) . High melt contents in the sublithospheric mantle beneath the Hangay Dome are also not required by joint modeling of seismic velocities and topography (Fullea et al., 2012) . The origin of the magneto-telluric anomalies reported by Comeau et al. (2018) remains thus unexplained.
Seismic Wave Velocities and Anisotropy
Most P wave tomography models point to lower than average seismic velocities in the shallow upper mantle beneath the Hangay Dome. Tiberi et al. (2008) , Koulakov (2011), and Souza (2015) reported ΔVp of À2% to À3% at depths of 80-100 km beneath the Hangay dome. Tariat is located at the northern limit of these low velocity anomalies, at the transition to a domain with normal velocities. The average spinel lherzolite mantle sample from Tariat has mean P wave velocities lower by 2.8% than the PREM model at 1.5 GPa (Dziewonski & Anderson, 1981) and lower by 2.0% than the ak135-f model at 43-to 50-km depth (Kennett et al., 1995) . The data obtained here for the Tariat xenoliths thus explain well the observed low P wave anomalies with no need to invoke partial melting or abnormal heating of the lithosphere.
The densities (ρ) calculated for the average Tariat samples from mineral modes (3.31 g/cm 3 for the average spinel peridotite and 3.32 kg/m 3 for the average garnet + spinel peridotite; Table 3 ) are lower than those in the seismic reference models (at 40 km of depth, ρ: 3.379 g/cm 3 for PREM, at 43 km of depth, ρ: 3.58 g/cm 3 for ak135-f) and lower than typical values for uppermost peridotites (e.g., 3.349 g/cm 3 for spinel peridotites and 3.31-3.399 for garnet peridotites, at standard temperature pressure conditions, see Lee, 2003) . This is consistent with the low density anomaly detected in the joint gravity-seismic inversion beneath the northern part of the Hangay Dome at 80-to 125-km depth (Δρ = -0.02 to-0.03; Tiberi et al., 2008) .
For S waves, the interpretation is less clear. Seismic tomography studies based on surface waves (e.g., Lebedev et al., 2006; Lebedev & van der Hilst, 2008) propose that the Tariat region is located just on the western border of a major low-velocity Vs zone, identified at 60-km depth, which fades with increasing depth. Beneath the Tariat region specifically, Vs variations range from À4% to +1%. This is consistent with body wave tomography predictions by Koulakov (2011) and by Souza (2015) . In contrast, the recent joint tomography by Chen et al. (2015) predicts up to À6% Vs anomaly in the uppermost mantle (<100-km depth) beneath the Hangay Dome, and that this anomaly is well expressed beneath Tariat.
Mean S wave velocities predicted using the average Tariat spinel-and garnet + spinel peridotites at 45-and 61-km depth, respectively, are similar (4.51 km/s; Table 3 ). This value is slightly higher (+0.8%) than Vs in the ak135-f model at 43-to 50-km depth (Kennett et al., 1995) . However, we did not include the anelastic component in the calculation of the seismic properties of the xenoliths. This component is expected to decrease Vs, but it depends strongly on temperature, in particular above 1000°C and on grain size (see Afonso et al., 2010; Faul & Jackson, 2005; Jackson & Faul, 2010) . For the large grain sizes observed in our samples (2-2.5 mm) and for the estimated equilibrium temperatures (850-1100°C), the expected decrease in the olivine shear modulus is very small (<1%; Jackson & Faul, 2010) . The predicted S wave velocities and densities of our average samples are indeed very similar to the best fit of the integrated geophysical-petrological inversion surface wave-topography inversions for this region at lithospheric mantle depths by Fullea et al. (2012) , which included anelastic effects.
Seismic velocity also varies with composition, yet, for reasonable mantle compositions, this effect is limited. For instance, a decrease in Fo% in olivine from 90 to 87 results in À1.25% S wave anomaly (Tommasi et al., 2004) . The chemical composition of the Tariat mantle peridotites is very uniform with olivine Fo% ranging between 89 and 92 and with a mean at 90 (Figure 11 ). Pyroxenites and refractory peridotites are rare among the Tariat xenoliths and cannot be significant components of the lithospheric mantle. Hydrogen embedded in point defects in olivine was also proposed to decrease seismic wave velocities, but very high concentrations, which may only be achieved in the lower part of the upper mantle, are necessary for a significant effect (Jacobsen, 2006) . Olivines in the Tariat peridotites, have very low hydrogen contents, which have negligible effect on seismic velocities. The presence of melt also decreases seismic wave velocity; 1% of melt (interconnected or not) can generate a decrease of 1%-3% in Vp and 3-10% in Vs (see for a review Foulger et al., 2013) . However, as discussed above, the equilibrium temperatures and pressures of the Tariat peridotites are well below the dry solidus (Figure 2 ) and the calculated whole rock water contents (0.0038 wt.% H 2 O) are too low to trigger wet melting (see wet solidus for 0.05 wt.% H 2 O in Figure 2 ). In summary, the Tariat xenolith compositions, microstructures, and CPOs are not consistent with the strongest low S wave velocity anomalies in the lithospheric mantle predicted by some body shear and surface wave tomographic results for the mantle beneath the Hangay Dome.
Concerning seismic anisotropy, Lebedev et al. (2006) and Chen et al. (2015) reported VS H faster than VS V with up to 5% of anisotropy in the lithospheric mantle beneath central Mongolia. This observation is consistent with the calculated average seismic properties of the Tariat peridotites if lineations, marking past flow directions in the lithospheric mantle, are subhorizontal (Figure 8 ). The calculated VS1 for the average spinel peridotite and garnet + spinel peridotite, which corresponds in this case to VS H , varies between 4.64 and 4.58 km/s depending on the backazimuth (Figure 8 ) and is in rather good agreement with the results from Lebedev et al. (2006) and Chen et al. (2015) . In constrast, the calculated VS2, which corresponds in this case to VS V , varies between 4.54 and 4.52 km/s (Figure 8 ), being significantly higher than the minimal values of VS V = 4.2 km/s reported by Lebedev et al. (2006) and Chen et al. (2015) at 100-km depth, and still slightly higher than the VS V = 4.4 km/s reported by Lebedev et al. (2006) at 50-km depth. The radial anisotropy of the average Tariat peridotites is therefore lower than that predicted for the sub-Tariat lithosphere from seismological data.
If the lineations are subhorizontal, steeply propagating body waves would sample low Vp/Vs ratios (1.7) for both average spinel and garnet + spinel peridotites (Figure 8 and Table 3 ). Anisotropy in Vp/Vs ratio due to the CPO might therefore partially explain the reduction in Vp/Vs ratio inferred by Chen et al. (2015) in the lithospheric mantle, with no need to invoke anomalous temperatures or partial melting, which are not corroborated by the study of the Tariat xenoliths.
Finally, SKS splitting in the Mongolian-Baikal deployment, which crosscuts the Hangay Dome in a N-S direction, is characterized by dominantly NW-SE fast S wave polarizations and highly variable, but in most cases, high delay times (1.5-2 s; Barruol et al., 2008) . If as implied by the surface wave radial anisotropy, lineations in the lithospheric mantle are subhorizontal, vertically propagating SKS waves would sample very low birefringence (≤2%) directions for both average spinel and garnet + spinel peridotites (Figure 8 ). This, together with the limited thickness of the lithospheric mantle inferred from the thermobarometry data on the xenoliths (≤50 km), implies a weak contribution of the lithospheric mantle (≤0.5 s) to the measured SKS delay times. The observed NW-SE fast direction corresponds indeed to the lower anisotropic layer detected for the ULN station,~300 km east of the study area, which has been interpreted as recording the asthenospheric deformation in the region (Barruol et al., 2008 ). Yet such a weak contribution of the lithospheric mantle is not consistent with the strong variability in SKS splitting observed between neighboring stations across the array, suggesting that the Tariat xenolith CPOs reported here might not be representative of the entire lithospheric mantle beneath the region and that lateral variations in the lithospheric structure may occur at the scale of the dome.
Conclusions
All studied mantle peridotites from the Tariat region show clear olivine CPO indicative of deformation by dislocation creep under high T (>1100°C), moderate pressure (<3 GPa), and dry conditions, consistent with the low hydrogen contents measured in olivine and both pyroxenes. They also show well-equilibrated microstructures, implying that ductile deformation was followed by static recrystallization, which annealed the deformation microstructure but preserved the CPO and, hence, the anisotropy of physical properties in the Hangay Dome mantle lithosphere.
The absence of nonannealed, high-stress, and high-strain microstructures suggests that the Tariat xenoliths have not sampled any domain in the lithospheric mantle submitted to recent deformation associated with the uplift of this region. The widespread annealing, independent of the equilibration temperatures of the xenoliths, and the lack of evidence for recent heating suggest that the static recrystallization is due to a long quiescence episode since the last deformation episode. Together, these observations corroborate previous interpretations based on surface deformation that the formation of the Hangay Dome is Mesozoic and not due to a recent (Cenozoic) mantle upwelling or plume.
The Tariat peridotites yield normal upper mantle seismic anisotropy patterns, characterized by fast polarization of S waves and fast propagation of P waves parallel to the mantle flow direction. The anisotropy intensity is variable among the studied xenoliths, but medium to low values predominate. The average spinel-peridotite and garnet + spinel peridotite samples show maximum P wave propagation anisotropy of 6.4% and 3.6% and maximum S wave polarization anisotropy of 4.5% and 2.9%. Moreover, the high proportion of fiber-[010] olivine CPO patterns results in dominantly low birefringence for S waves propagating at high angle to the flow plane. Thus, if as suggested from radial anisotropy measurements in the region, flow directions are subhorizontal, vertically propagating SKS waves should accumulate low delay times (≤0.5 s) in the lithospheric mantle and a large part of the observed signal should result from asthenospheric flow. The Tariat xenolith compositions, microstructures, equilibrium temperatures, and CPO may explain the weak P wave velocity anomalies, but not the strong low S wave velocity anomalies predicted by some tomographic models in the lithospheric mantle beneath the Hangay Dome. The petrostructural data for the xenoliths also are not consistent with the presence of substantial melting in the shallow mantle as interpreted based on the high conductivity inferred from MT data.
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